Recent advances in stem cell technology have generated enthusiasm for their potential to study and treat a diverse range of human disease. Pluripotent human stem cells for therapeutic use may, in principle, be obtained from two sources: embryonic stem cells (hESCs), which are capable of extensive self-renewal and expansion and have the potential to differentiate into any somatic tissue, and induced pluripotent stem cells (iPSCs), which are derived from differentiated tissue such as adult skin fibroblasts and appear to have the same properties and potential, but their generation is not dependent upon a source of embryos. The likelihood that clinical transplantation of hESC-or iPSC-derived tissues from an unrelated (allogeneic) donor that express foreign human leucocyte antigens (HLA) may undergo immunological rejection requires the formulation of strategies to attenuate the host immune response to transplanted tissue. In clinical practice, individualized iPSC tissue derived from the intended recipient offers the possibility of personalized stem cell therapy in which graft rejection would not occur, but the logistics of achieving this on a large scale are problematic owing to relatively inefficient reprogramming techniques and high costs. The creation of stem cell banks comprising HLA-typed hESCs and iPSCs is a strategy that is proposed to overcome the immunological barrier by providing HLA-matched (histocompatible) tissue for the target population. Estimates have shown that a stem cell bank containing around 10 highly selected cell lines with conserved homozygous HLA haplotypes would provide matched tissue for the majority of the UK population. These simulations have practical, financial, political and ethical implications for the establishment and design of stem cell banks incorporating cell lines with HLA types that are compatible with different ethnic populations throughout the world.
INTRODUCTION
Technological advances in stem cell research have promoted confidence in the potential use of stem cells for treating and studying a range of human diseases. These include neurodegenerative diseases, such as Parkinson's and Alzheimer's disease, autoimmune diseases such as diabetes and multiple sclerosis, cardiovascular disease and some forms of haematopoietic malignancy. In the UK, there are around 250 000 patients with type 1 insulin-dependent diabetes and 120 000 with Parkinson's disease that could potentially benefit from regenerative stem cell therapy [1, 2] . For patients with autoimmune disease, stem cell-derived tissue replacement may be used in conjunction with additional therapy to control disease recurrence and progression. Worldwide there are several million potential beneficiaries of stem cell therapy and the question arises concerning how best to realize the full potential and offer affordable and durable treatment on such a large scale.
Haematopoietic stem cell (HSC) transplantation for the treatment of certain haematological deficiencies and malignancies has been in use for many years, and more recently, mesenchymal stem cell therapy has been applied clinically for the control of graft-versus-host disease (GVHD) [3, 4] . The attraction of pluripotent stem cell therapy is the potential for deriving any type of replacement tissue from a single donor source. This review focuses on immunological considerations of pluripotent stem cell research, therapy and banking.
Human pluripotent stem cells for therapeutic use may, in principle, be obtained from two sources. Embryonic stem cells (hESCs) are derived from the inner cell mass of the blastocyst arising from fertilized oocytes and are capable of extensive self-renewal and expansion; they have the potential to differentiate into any somatic tissue, such as insulin-producing pancreatic beta cells, cardiomyocytes that form heart muscle and neurons that form nerve and brain tissue. Induced pluripotent stem cells (iPSCs) appear to have the same properties and potential but are derived from differentiated tissue such as adult skin fibroblasts, and their generation is not dependent upon a source of embryos. There are, however, concerns that the most robust techniques for reprogramming iPSC precursors currently require viral vectors that may preclude clinical application, but future research will undoubtedly overcome this hurdle [5] .
The likelihood that clinical transplantation of embryonic or iPSC-derived tissues from a genetically unrelated donor may generate an immune response remains unresolved. Hitherto, experimental studies using embryonic or adult stem cells and their derivatives have generally used immuno-incompetent recipients, or have transplanted to an immunologically privileged site such as the brain, or have failed to either report whether immunosuppression was used or to consider whether failure of engraftment may be attributed to immunological rejection. Experience of clinical HSC transplantation, however, clearly demonstrates that the contribution of an immune response to transplant and patient outcome cannot be ignored.
The human immune system has evolved in a hostile environment populated by pathogens that aim to invade and colonize our bodies. To prevent potentially pathogenic micro-organisms, including bacteria, viruses and protozoa, from causing disease and death, the human immune system has developed a sophisticated and highly effective series of defence mechanisms, both innate and adaptive, that recognize, isolate and eliminate invading pathogens. These same immune defence mechanisms also have the potential to recognize and destroy stem cell-derived tissue (hESCs and iPSCs) when transplanted into an unrelated recipient. This paper reviews the likely role of the immune system in regenerative medicine and considers strategies for avoiding immunological rejection, as well as practical aspects of establishing a resource of hESCs and iPSCs that would be of most benefit to a majority of patients who might be treated by regenerative medicine.
IMMUNE RECOGNITION
Innate and adaptive immune mechanisms have evolved that confer non-specific immediate protection against foreign organisms and allow time for a more powerful and specific immune response to develop that will neutralize pathogens. The immune system is strongly programmed to recognize tissue compatibility (termed MHC restriction [6] ), which is a requirement for raising an effective immune response against pathogens and, eo ipso, is able to adapt and respond to the presence of incompatible allogeneic tissues. Thus, the immunological principles that challenge successful organ, tissue and bone marrow transplantation are likely to apply equally to transplantation of hESC-and iPSC-derived tissue. Tissue incompatibility between a transplant recipient and their donor arises from allelic disparities at genetic loci that encode the ABO blood group system, the major histocompatibility complex (MHC) antigens and minor histocompatibility (mHC) antigens.
Humans and higher primates express ABO blood group antigens that are abundantly displayed on the surface of red blood cells, epithelial cells and vascular endothelial cells [7, 8] . Human ABO blood group antigens comprise a homologous family of oligosaccharide structures carried on glycoprotein and glycolipid components of the cell surface. Similar repetitive carbohydrate structures are also displayed by bacteria colonizing the gastrointestinal tract that stimulate the production of natural immunoglobulin (Ig) M and IgG antibodies to confer innate host immunity against a range of micro-organisms [9] . These natural antibodies, however, cross-react with human blood group A and B antigens: blood group A individuals have circulating anti-B antibodies, blood group B individuals have circulating anti-A antibodies and those who are blood group O have antibodies to both A and B antigens. Only blood group AB individuals do not have circulating anti-ABO antibodies. Because the antibodies are already present, they bind rapidly to ABO-incompatible transplanted tissues and cells, activate the complement cascade and the coagulation response, and cause widespread red cell lysis and extensive tissue damage through the process known as hyperacute rejection [10, 11] . Recent research has found that not only hESCs, but also cell types differentiated in vitro from hESCs, including hepatocyte-and cardiomyocyte-like cells, express ABO antigens, indicating a requirement for ABO matching for regenerative medicine [12] . Additional blood group antigens, such as Kell, Duffy and Lewis, may also be relevant particularly for transplantation in ethnically diverse populations, although currently they have no known role in vascularized organ allografts and in HSC transplantation.
The MHC region contains around 200 genes that are central to immune recognition. In humans it is called the human leucocyte antigen (HLA) system and it encodes, among others, two major classes of highly polymorphic cell surface glycoproteins whose key role is to bind peptide fragments derived from self proteins and foreign pathogens for presentation on antigen-presenting cells (APCs) to T lymphocytes (figure 1). The HLA system comprises six principal loci encoding two classes of molecules; HLA-A, -B and -C are HLA class I molecules and their primary function is to present peptides derived predominantly from intracellular and viral proteins for recognition by CD8 cytotoxic T lymphocytes (CTLs). The HLA-DR, -DQ and -DP class II molecules predominantly bind peptides derived from the processing of extracellular proteins and pathogenic material, and are recognized by CD4 helper T cells. The two classes of molecules have widely different cellular distribution, which reflects their disparate functions. HLA class I molecules are ubiquitously expressed on nucleated cells of the body, whereas HLA class II molecules are constitutively expressed on bone marrow-derived APCs and thymic epithelial cells. During inflammatory conditions, the presence of the cytokine interferon-g (IFN-g) results in de novo expression of HLA class II on many types of endothelial and epithelial cells, as well as upregulation of both class I and class II expression on APCs. The effect of this is an increase in the ability of the immune system to respond to an antigenic stimulus through increased antigen-presenting capacity.
Early in vitro studies of MHC restriction demonstrated the exquisite specificity of antigen-reactive T cells: for example, CTLs were able to recognize and kill virally infected target cells that shared MHC class I alleles with the CTL responders but would not respond to the same viral peptide presented by allogeneic MHC molecules that were distinct from those expressed by the CTLs [6] . However, in the case of clinical transplantation, responding T cells can readily recognize and reject tissues expressing allogeneic HLA. The expression of allogeneic HLA molecules by tissues differentiated from hESCs and iPSCs would render them equally susceptible to recognition by the host immune system. mHC antigens exist as allelic variants in different individuals but they are not expressed as cell surface molecules. Peptides derived from these molecules may be presented by APCs following transplantation but because they do not form a readily accessible target they do not elicit a powerful rejection response against mHC-mismatched vascularized allografts. In an otherwise un-primed individual, any response to mHC antigens is readily controlled by standard immunosuppressive therapy. However, in HLAidentical sibling bone marrow transplantation, combinations of multiple mHC antigens are a significant cause of GVHD, which occurs in around 40 per cent of patients. Well-known examples of mHC antigens that contribute to clinical HSC transplant rejection and GVHD include peptides derived from HA-1, and the male H-Y gene product, recognized by female immune cells as foreign [13, 14] . Mitochondrial gene products are another example of mHC antigens that may be relevant to regenerative medicine when the ESC line is derived from an embryo created by nuclear transfer, depending on the origin of the host oocyte.
HLA STRUCTURE
Peptide presentation by HLA class I and II molecules is achieved through common elements of their molecular structure. They are both highly polymorphic heterodimeric molecules tethered in the cell membrane, with membrane-proximal conserved regions that form docking sites for the CD4 and CD8 chains adjacent to the T cell receptor on lymphocytes, together with membrane-distal regions that have highly variable areas enabling the binding of an extensive array of different peptides. HLA class I molecules consist of the heavy (a) chain of approximately 44 kDa comprising an intracellular tail, transmembrane region and three extracellular Ig-like domains, complexed with the nonpolymorphic, 12 kDa b2-microglobulin chain that is not inserted in the cell membrane. The membraneproximal a3 domain of the heavy chain bears the CD8 docking region while the a1 and a2 distal domains each consist of a b-pleated sheet surmounted by an a-helix, together forming the peptide binding cleft [15] . HLA class II molecules are composed of an a and a b chain of 32 and 28 kDa, each having an intracellular tail, a transmembrane region and two extracellular Ig-like domains. The distal a1 and b1 domains, as for class I, form the peptide-binding cleft and the b2 domain contains the CD4 docking region. HLA gene polymorphism encodes amino acid variability principally in the b-pleated sheet and a-helices, permitting binding of a vast assortment of peptides for presentation.
INITIATING ALLOGRAFT REJECTION
T lymphocytes emerging from the thymus populate the secondary lymphoid tissue where they remain latent on encounter with self peptide/HLA complexes on APCs, but become activated if they encounter foreign peptide bound to self HLA (figure 1) [16] . Following transplantation, host T lymphocytes residing in lymph nodes in the vicinity of the transplant may be exposed to APCs (dendritic cells) that migrate from the donor tissue or organ within the first few hours and days following transplantation. T cells that normally recognize, and are unresponsive to, self HLA/ endogenous peptide complexes on self APCs are activated, paradoxically, by foreign HLA/endogenous peptide complexes on donor APCs on the basis of molecular mimicry, or recognition of altered self, such that the complex overall is sufficiently similar to a self complex for the T cell to recognize it but sufficiently different for the T cell to respond to it, by becoming activated, as though it were a self HLA/foreign peptide complex. This type of T cell activation is unique to transplantation and is known as the direct recognition pathway (figure 2). It is a very potent pathway for initiating a rapid graft rejection response since it has been estimated that around 1-5% of an individual's T cells are able to respond to foreign HLA in this way [17, 18] . The alternative pathway of T cell activation to an unrelated transplant, known as indirect recognition, is analogous to the way in which the immune system responds to any potentially dangerous exogenous protein or pathogen (figure 2). The foreign material, which may be soluble donor HLA molecules or membrane fragments released from the transplant both in the first few hours and in subsequent weeks and months, is picked up and processed by professional recipient APCs including dendritic cells and B lymphocytes. The resulting peptides are presented principally by class II HLA molecules on APCs within draining lymph nodes to recipient CD4 T lymphocytes which become activated. Because there is no place for molecular mimicry in this situation, only peptide-specific T cells are able to respond and it is estimated that because of their extensive repertoire, the frequency of naive T cells in a non-primed individual able to respond to any given peptide is 100 -1000-fold lower than that of direct pathway T cells (figure 2).
IMMUNOGENICITY OF EMBRYONIC STEM CELLS AND THEIR DIFFERENTIATED PROGENY
The relative contribution of the direct and indirect allorecognition pathways to allograft rejection is an important and topical subject of research and has significant implications for regenerative medicine, relating to the distribution of APCs that are present in the blood circulation and secondary lymphoid tissues, but also in parenchymal tissues throughout the body [19] . It is now widely supposed that direct recognition plays a major role in acute organ allograft rejection, which occurs most commonly in the first few weeks following transplantation as donor APCs migrate from the graft and activate the recipient adaptive immune system. All transplant patients receive effective maintenance immunosuppression and consequently few grafts are now lost through acute rejection since it responds well to a temporary boost of immunosuppressive drug therapy. Experimental models of transplantation in which donor dendritic cells have been depleted from the tissue prior to transplantation show prolonged allograft survival [20, 21] . Stem cell-derived tissues, however, are unlikely to contain APCs unless they are derived from mesodermally differentiated stem cells and include haematopoietic tissue. They would therefore be unable, after transplantation, to initiate allograft rejection via direct recognition and so may be considered to be relatively non-immunogenic [16] . This remains an important consideration for tissue engineering research. As stem cell-derived tissues develop and differentiate in vitro, they will reach a critical size after which the deeper layers of cells die through poor diffusion of nutrients and removal of waste products. This problem may be overcome by encouraging angiogenesis-the formation of a network of vascular tissue, but while they may not contain APCs, the resulting endothelial cells have the potential to express HLA class II under inflammatory conditions. After transplantation, shed necrotic endothelial cells may activate graft rejection through indirect recognition and, moreover, the intact endothelium expressing both HLA class I and class II molecules would act as a target for a rejection response.
Clearly, any transplanted stem cell-derived tissue that is not genetically identical to the recipient has the potential to induce allograft rejection via indirect recognition and the controversy surrounding the immunogenicity of stem cell-derived tissues relates largely to the stringency of early studies that have attempted to document HLA (or MHC) expression by ESCs. This is an important matter because the experience of clinical and experimental organ and tissue transplantation has shown that indirect recognition has the potential to continue to contribute to drug-resistant chronic graft rejection indefinitely, and ultimately results in transplant failure.
HLA EXPRESSION BY EMBRYONIC STEM CELLS AND THEIR DIFFERENTIATED PROGENY
Optimism that ESC-derived cells are, somehow, immunologically privileged originates from studies showing low levels of HLA class I expression and a complete absence of class II expression on undifferentiated hESCs, even in the presence of IFN-g, and further studies showing that human T lymphocytes failed to proliferate when co-cultured with either differentiated or undifferentiated hESCs in vitro, and in vivo using a humanized mouse as recipient [22] [23] [24] . Countering this optimism, other studies have provided evidence that both the innate and adaptive immune responses may be strongly activated by the transfer of allogeneic mouse ESCs, and enhanced by upregulation of MHC expression on the ESCs, while even mHC antigen disparity in stem cells is able to provoke a rejection response [25] [26] [27] .
It therefore seems likely that ESC-derived tissues will be susceptible to immunological rejection, most probably triggered by indirect recognition, and may become more immunogenic following transplantation as they mature in vivo and express additional molecules. The contribution of the innate immune response that may accompany the inflammatory environment associated with the introduction of therapeutic cells cannot be ignored. The innate immune response is triggered by events such as ischaemic injury and reperfusion injury resulting in production of harmful free radicals and reactive oxygen species (ROS) expressing damage-associated molecular patterns, or by local infection by micro-organisms expressing pathogen-associated molecular patterns [28] . These patterns are recognized by Toll-like receptors on antigen-non-specific cells including macrophages, neutrophils, natural killer (NK) cells and dendritic cells, which respond by producing chemokines and inflammatory cytokines, resulting in recruitment of immune cells of the adaptive immune response.
It might be surmised that avoidance of immunological rejection could be achieved through the absence of expression of HLA molecules. However, that strategy has already been exploited by pathogenic viruses and oncogenes, which are able to inhibit peptide-loading mechanisms resulting in reduced HLA class I expression and evasion of attack by host CTLs. The immune system has evolved to respond to absence of HLA class I expression by activation of NK cells that are triggered both by failure of their killer immunoglobulin-like receptors (KIR) to engage with HLA molecules on the target cells, as well as by NK activatory receptors that engage with a range of cell surface molecules, resulting in lysis of the potentially infected or malignant target cell [29, 30] .
MECHANISMS OF IMMUNOLOGICAL ALLOGRAFT REJECTION
Unless tissue derived from stem cells is HLA identical with the intended recipient, graft rejection is likely, for the reasons outlined above, to be a major barrier to transplantation and regenerative medicine. T cells recognizing allogeneic material become activated, undergo rapid clonal proliferation and initiate a number of responses that together culminate in destruction of the transplanted tissue. The CD4 T cell is central to the adaptive immune response: engagement of the T cell receptor and co-stimulatory molecules on T cells with the HLA/peptide complex and co-stimulatory counterparts on APCs initiates signalling pathways that result in gene transcription and production of a range of cytokines by activated T cells. Cytokines provide help for differentiation of effector CD8 CTLs and B lymphocytes, and recruit antigen-non-specific inflammatory cells and together, these cell types mediate graft damage by direct cytotoxic lysis of target cells, by production of antibodies and by a 'delayed-type hypersensitivity' (DTH) response mediated by inflammatory macrophages, neutrophils and NK cells ( figure 1) . At the same time, cytokines, particularly IFN-g, induce local upregulation of HLA expression that further enhances the rejection response by increasing both antigen-presenting capacity and the density of target molecules.
CD8 T cells require help from CD4 T cells, in the form of the T helper 1 (Th1) cytokine interleukin-2 (IL-2), in order to mature into functional CTLs that recognize target cells expressing specific HLA class I/ peptide complexes. Target cell killing is rapid and precise: CTLs make contact with their target cell via an immunological synapse, or supramolecular adhesion complex (SMAC) formed in both cells by rearrangement of the cytoskeleton to produce a ring of adhesion molecules encircling a pore [31] . Lytic granules pass from the CTL through the SMAC and lyse the cell membranes, releasing perforins and granzymes into the target cell where they trigger apoptosis. The CTL then disengages and moves on to kill another target cell.
B lymphocytes are effective APCs and also mature to become antibody-secreting plasma cells. B cells have surface Ig molecules that serve as antigen receptors via which exogenous antigenic proteins are sampled, processed and presented as peptides in the context of the B cell HLA class II molecules to responding CD4 T cells (figure 1). CD4 T cells are in turn activated and produce Th2 cytokines, including IL-2, IL-4 and IL-5, which induce B-cell clonal proliferation and maturation. The resulting plasma cells produce monoclonal antibodies targeting the original antigenic protein that is then destroyed by opsonization and by complement-mediated cell lysis.
The DTH response contributes to allograft rejection through non-specific mechanisms that include the release of chemokines and pro-inflammatory cytokines, such as IL-6 and TNF-a, as well as endothelial cell activation, increased vascular permeability and enhanced leucocyte migration.
The relative contribution of any of these effector mechanisms depends on variables such as the type of transplant, the sensitisation status of the recipient and the degree of HLA disparity between donor and recipient. The success of transplantation, in turn, depends on minimizing the contribution of these variables through several strategies, including improved HLA typing and donor and recipient HLA matching, improvements in treatment of the donor tissue and operative procedures to reduce the contribution of the innate immune response, and improvements in immunosuppressive treatment. The effector pathways described above, as well as strategies for minimizing the risk of rejection, are as relevant to stem cell transplantation as to organ and tissue transplantation, although there might be a different emphasis for different tissues [14] . There may be additional, as yet unidentified, pathways that would contribute particularly to rejection of pluripotent cell-derived tissues, such as epigenetic mechanisms that may regulate MHC and antigen presentation molecules in hESCs and iPSCs [32] .
AVOIDING REJECTION
Allograft rejection may be avoided entirely by transplantation of autologous tissue, which is commonly practised in bone marrow transplantation for treatment of selected haematological malignancies, or of tissue from an identical twin donor. Most transplant recipients are managed, instead, with a combination of the best possible donor HLA match at transplantation and lifetime treatment with immunosuppressive drugs.
While the first organ transplant patients were effectively managed by treatment with azathioprine, to inhibit lymphocyte proliferation, and steroids as antiinflammatory agents, improved understanding of the mechanisms of graft rejection together with drug development has resulted in a much greater choice of immunosuppressive agents that can, to some extent, be tailored to the patient's needs. The calcineurin inhibitors, cyclosporine and tacrolimus, are the mainstay of most immunosuppressive regimens, but patients are now treated with a variety of drugs ranging from newer anti-proliferative agents such as mycophenolate mofetil to monoclonal antibodies such as basiliximab that targets the CD25 molecule (the a-chain of the high affinity IL-2 receptor) expressed by activated lymphocytes. Other agents such as sirolimus target intracellular signalling pathways to inhibit gene transcription and protein synthesis, while a newer antibody, rituximab, developed to target the CD20 molecule on developing and mature B lymphocytes, is an attempt to minimize alloantibody production.
In clinical practice, stem cell-derived tissue created from the intended recipient offers the possibility of personalized stem cell therapy in which graft rejection would not occur. A potential source of such individualized stem cells might be hESCs obtained using somatic cell nuclear transfer, in which the nucleus extracted from an adult somatic cell of the intended recipient is injected into the enucleated human oocyte from an altruistic egg donor [33] . With the exception of maternal mitochondrial DNA present in the oocyte cytoplasm, the somatic cell derivatives are genetically identical to the intended recipient and immunological rejection is unlikely to occur. In practice, however, this requires an abundant source of human eggs obtained following super-ovulation and the merits of such an approach are questionable on both ethical and practical grounds.
In the case, however, of hESC-derived tissues transplanted into an unrelated recipient, there is potential for allograft rejection by the new host. To minimize the risk of immunological rejection, an alternative solution is to use individualized iPSCs derived from the patient as a source of replacement tissue, but the logistics of achieving this on a large scale are problematic owing to the relatively low success rate and, consequently, the high cost of inducing pluripotency. Modern robotic technology is likely to make largescale production of individualized iPSCs possible in the future but this approach is expensive and may only benefit wealthy individuals who are able to pay for their treatment, or patients who are resident in wealthy countries with well-resourced healthcare systems, but it is unlikely to help a significant proportion of potential beneficiaries worldwide. Existing personalized stem cell gene therapies may, however, continue to offer the best approach for treatment for inherited disorders such as certain haemoglobinopathies and metabolic disorders, where the pathogenic gene would be corrected in personalized iPSCs that are subsequently differentiated into therapeutic tissues for transfer back to the patient [34] .
An alternative approach is to establish stem cell banks that contain a range of stem cell lines derived from both iPSCs and hESCs, selected to treat a potentially unlimited number of patients on the basis that any given patient may expect to receive stem cellderived tissue that is closely matched or compatible (as distinct from identical) for HLA. A resulting lowgrade rejection response can be managed with lifelong immunosuppressive therapy or, ideally, through induction of antigen-specific immunological tolerance [16, 34, 35] .
INDUCING TOLERANCE
On the basis that a stem cell bank will provide a resource of tissues ideally suited to research into strategies for inducing specific tolerance, a range of different approaches may be definitively explored. One approach, which has already proved successful in large animal models, would be to induce mixed haematopoietic chimerism by myeloablation of the patient and reconstitution with HSCs derived from hESCs or iPSCs, such that the thymus becomes repopulated with bi-directionally tolerant thymocytes. The patient would subsequently receive therapeutic tissue (e.g. renal, cardiac, hepatic, etc.) derived from the same hESCs or iPSCs that were used to generate the re-populating HSCs, obviating a requirement for immunosuppression [35] . The toxicity associated with myeloablative therapy, however, may limit the clinical application of such an approach to patients with life-threatening malignancy.
A second approach is to generate therapeutic tissue for transplantation and at the same time and using the same stem cell source, generate 'tolerogenic' immature dendritic cells that express low levels of HLA molecules but are able to present immunogenic peptides derived from the therapeutic tissue in the absence of co-stimulatory molecules, thus driving a tolerogenic rather than an immunogenic response in the patient's immune system. Although the dendritic cells themselves are 'foreign' to the recipient, there is a precedent for this approach in successful experiments in mice where donor-derived immature dendritic cells were used to generate regulatory T cell-dependent tolerance to a mHC-mismatched skin graft from the dendritic cell donor [34] . Finally, it may be possible to use a transgenic approach to induce tolerance or to minimize immunogenicity [16] . A number of genes are known to have a 'protective' function: cells and tissues that have been genetically modified to over-express such genes as A20, Bcl-xL, HO-1, FasL or IDO are less susceptible to rejection. Other target genes whose expression might be modified are those, such as the RFX complex of genes, which control aspects of MHC molecule expression, although complete deletion of MHC expression would probably render cells susceptible to NK-cell mediated killing, as discussed earlier. The inclusion, within the transferred gene construct, of elements enabling conditional gene expression may provide a better alternative to invariable gene expression or deletion as a strategy for avoiding rejection. Pluripotent stem cells are easily genetically modified in vitro, and it is unlikely that such modification would impair their ability to subsequently differentiate into therapeutic tissues for transplantation.
TISSUE HISTOCOMPATIBILITY AND HLA MATCHING
The allocation of deceased donor kidneys to patients with end-stage renal failure is, in most transplant centres, undertaken on the basis of ABO compatibility and the best possible HLA match between donor and recipient. An understanding of matching criteria is likely to be of use in the design of stem cell banks and provides a rational basis for international variability in the range of stem cells stocked for treatment of ethnically diverse populations.
The primary consideration is to ensure ABO compatibility and there is an argument for stocking a UK stem cell bank only with blood group O stem cells, to entirely remove the concern of hyperacute rejection from blood group incompatibility [16] . Next, kidney transplant patients are matched as closely as possible at three of the HLA loci: HLA-A, HLA-B and HLA-DR, which appear to exert the strongest influence on graft outcome. This is a pragmatic approach to achieving the best match, which is driven by the practicalities of a small pool of recipients for each deceased donor and time constraints to ensure that the function of the organ is not compromised by delaying the transplant operation. With stem cell banking, it may be appropriate to attempt to match at additional HLA loci.
Each individual inherits, in Mendelian fashion, one set of HLA genes from each parent, known as a haplotype, so that their cells express two alleles at each of the HLA-A, -B and -DR loci. The theoretical number of possible combinations of alleles would make HLA matching untenable, but because of linkage disequilibrium and the rarity of chromosomal crossover within HLA haplotypes, certain patterns of HLA-A, -B and -DR alleles are represented at higher than random frequency. Thus, a white European UK national who has inherited a haplotype where the HLA-A allele is A1 has an increased chance of expressing HLA-B8 and -DR3 at two of the other loci of the haplotype, and similarly, if the HLA-A allele on the other chromosome is A2, then the two other alleles are more likely to be HLA-B12 and -DR4. This means that kidney allocation on the basis of best HLA match is a practical solution that translates to fewer rejection episodes and improved transplant survival ( figure 3; [36] ).
STEM CELL BANKING
The development of national and international pluripotent stem cell tissue banks comprising tissues expressing a range of HLA types that are representative of different geographical populations and ethnic groups worldwide should be designed to provide a worthwhile match for a reasonable percentage of the target population. National and international umbilical cord blood stem cell banks are already well established. They contain units of cord blood, obtained at the time of neonate delivery, that are HLA-typed and cryopreserved for future use in unrelated HSC transplantation. Umbilical cord blood contains a high proportion of CD34-positive multipotent HSCs and may be used for the treatment of acute leukaemia: providing an adequate number of cells are used, cord blood stem cell transplantation requires less stringent donor -recipient HLA matching compared with HSC transplantation using peripheral blood and bone marrow-derived HSCs [37] .
A study to estimate the number of hESC lines that would be needed to provide tissue representing a worthwhile HLA match for a reasonable percentage of the UK population found that approximately 150 random donors, or 100 selected blood group O donors would provide an ABO compatible and full HLA-A, -B and -DR match for only a minority (less than 20%) of potential recipients and a beneficial match (defined as a single HLA-A or -B mismatch or better) for around 38 per cent, but good HLA matching was observed in a higher proportion of white Europeans than in those of Asian and black ethnicity [38] . Extending the number of donors beyond 150 conferred only marginal additional benefit with respect to HLA matching. Of note was the observation that the chance occurrence of a common HLA haplotype that is homozygous at HLA-A, -B and -DR (expressing only one HLA specificity at each locus) strongly increased the degree of HLA matching, and it was found that a panel of only 10 highly selected donors homozygous for conserved HLA haplotypes would be expected to provide a complete HLA-A, -B and -DR match for around 38 per cent of recipients and a beneficial match for 67 per cent [38] . Of 10 000 consecutive deceased organ donor ABO blood groups and HLA types studied (considered as representative of the HLA types of potential ESC donors in the UK population), 40 (0.4%) were identified as blood group O and bearing the conserved homozygous HLA-A1, -B8 and -DR3 haplotype. When comparing this homozygous HLA type with the ABO blood groups and HLA types of all 6577 patients registered on the UK kidney transplant waiting list, 13 per cent of the patients were found to be ABO blood group and HLA compatible. These data suggest that stem cell banks comprising cell lines obtained from blood group O donors with conserved homozygous HLA haplotypes would provide maximum utility for selecting ABO-compatible and HLA-matched tissue for treating the majority of individuals in a given population [39] .
Similar simulation studies of the potential for HLA matching performed in Japanese and Chinese populations reported broadly similar results, although a higher level of HLA matching was observed in Japanese recipients, reflecting the relatively low ethnic diversity of the Japanese population [40, 41] .
The above simulations have practical, financial, political and ethical implications for the establishment and design of stem cell banks incorporating cell lines with ABO blood groups and HLA types that are compatible with different ethnic populations throughout the world. A problem with this approach is the requirement to screen many thousands of potential stem cell donors in order to identify the small number of individuals that fulfil these criteria [42] . The limited availability of hESCs derived from surplus embryos donated following IVF treatment is unlikely to provide sufficient numbers to populate a highly selected cell bank. Nakatsuji et al. [41] calculated that to find at least one HLA homozygous donor for each of 50 different HLA haplotypes in the Japanese population would require a database of 24 000 individuals.
One theoretical solution that avoids the ethically contentious use of spare embryos, but still depends on egg donation, would be to populate a bank with selected HLA homozygous hESC lines generated by parthenogenesis. MHC homozygous ESC lines have been derived in mice and non-human primates from parthenogenetic embryos, where an unfertilized oocyte is activated by electrical or chemical stimulation to undergo a first meiotic division, generating two identical daughter chromatids from the single parental chromosome of the oocyte [43 -47] . If successful in humans, the diploid blastocyst resulting from parthenogenesis could yield hESCs that are homozygous at the HLA gene region (and throughout the genome) and are able, in principle, to contribute to all cells of the human body, as has been shown for parthenogenetic mouse ESCs [48] . The inclusion in future stem cell banks of parthenogenetic homozygous hESC lines expressing a single-conserved HLA haplotype would greatly increase the utility of providing HLA compatible tissue for a large number of people. The clinical utility, however, of parthenogenetic hESCs may be limited owing to potential epigenetic instability arising from the exclusively maternal origin of the genome [49] .
IDENTIFYING AND BANKING HOMOZYGOUS HLA INDUCED PLURIPOTENT STEM CELLS LINES
More recently, the prospect of generating iPSCs from adult donors offers new opportunities to establish stem cell banks populated with highly selected HLA-typed lines that would provide HLA matched tissue for the target population. The precedent for this approach is already well established in clinical HSC transplantation, where HLA matched unrelated donors are identified from national and international panel registries of volunteer bone marrow donors. When a suitable HLA matched donor for a given patient is identified on a registry, the volunteer donor is contacted and, subject to satisfactory confirmatory tests and medical clearance, is invited to donate either peripheral blood (containing HSCs) or bone marrow. Adopting a targeted approach of identifying volunteer stem cell donors with selected HLA types known to provide maximum utility for stem cell banking circumvents the problem of HLA typing existing collections of hESC lines that are likely to yield very few useful cell lines for banking.
The international registry 'Bone Marrow Donors Worldwide' (BMDW) contains HLA-typing information for nearly 15 million volunteer stem cell donors and cord blood units, registered from 44 countries, representing White, Black (Afro-Caribbean), Asian and Oriental ethnic groups worldwide (http:// www.bmdw.org). The BMDW registry contains over 20 000 volunteers with the conserved homozygous HLA haplotype HLA-A1, -B8, -C7, -DR17(3), -DQ2 and over 2500 with the conserved homozygous HLA haplotype HLA-A2, -B44(12), -Cw5, -DR4 and -DQ8(3). Table 1 shows that, assuming one iPSC line is capable of unlimited expansion in vitro, two such homozygous donor cell lines would provide zero HLA-A, -B and -DR mismatched (i.e. HLA compatible) tissue for around 17 and 11 per cent of the UK population, respectively. As few as three iPSC lines derived from blood group O individuals bearing the three most common and highly conserved extended HLA haplotypes would have the potential to provide zero HLA-A, -B and -DR mismatched tissue for around one-third of the UK population.
An important condition of volunteer unrelated HSC donation is that the identity of the donor and recipient is withheld from each other (and their respective medical centres), and that the generous act of stem cell donation is entirely altruistic. In the case of both living and deceased organ donation for transplantation, national legislation, professional societies and ethical bodies worldwide require donation to be altruistic and free from coercion. The question arises as to whether volunteer stem cell donors identified for inclusion in a prospective stem cell bank should also be altruistic or whether donors can be financially recompensed, and if so, what is the monetary value of donating a small sample of bodily tissue. Moreover, if tissue donation were to remain altruistic, to what extent should commercial companies and individuals profit from this gift by volunteer tissue donors in their opportunity to help tens of thousands of people? Undoubtedly, the commercial benefits of private enterprise and investment lead to innovation, but unfettered commercialism may restrict the potential benefits of regenerative medicine to only those individuals that are able to pay. An alternative option is that national and international stem cell banks may be developed as a public utility run by a charity or public sector with open access for bona fide accredited medical centres. In summary, the application of regenerative medicine and stem cell banking using somatic tissue derived from pluripotent stem cell lines has great potential for treating many human diseases and for exploring both their genetic aetiology and opportunities for drug development. However, many questions need to be addressed concerning the practicality of offering affordable and durable treatment on such a large scale. Questions about the efficacy of using autologous and allogeneic hESCs and iPSCs, and the potential for the immune response to destroy transplanted allogeneic (HLA mismatched) stem cell-derived somatic tissue, need to be addressed to guide the future design and utility of national and international stem cell banks. This information will enable stakeholders (patients, public, clinicians, scientists, politicians and ethicists) to debate approaches for maximizing the benefit of this valuable future resource.
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